Abstract-This review touches upon four topics: (1) The International System or SI electrical units, specifically, the volt (V), ohm (Q2), ampere (A), and the so-called laboratory or as-maintained units for the same quantities; (2) the relationships between these laboratory units, experiments to realize their SI definitions, and the fundamental constants of nature; (3) the 1983 least squares adjustment of the constants; and (4) future electrical measurements research which can improve our knowledge of the constants.
I. UNITS
THIS section reviews the International System or SI definitions of the SI base electrical unit, the ampere, and the two most often used derived electrical units, the volt and ohm; how in practice these three units are represented in the laboratory; and how these practical laboratory representations are maintained.
A. SI Electrical Units
The ampere is related to the three SI base mechanical units, the second, meter, and kilogram [1] , [2] . The second is defined as the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the cesium 133 atom. The meter is defined as the length of the path travelled by light in vacuum in 1/299 792 458 ofa second. This is equivalent to adopting an exact value for the speed of light in vacuum c, namely, c -299 792 458 m/s.
(1) The kilogram, the only SI unit still based on an artifact, is defined as the mass of the international prototype of the kilogram kept at the International Bureau of Weights and Measures (BIPM) in Sevres, France (a suburb of Paris).
The SI unit of force, the newton (N), is derived from these tlhree base mechanical units using Newton's second law; it is defined as that force which gives to a mass of one kilogram an acceleration of one meter per second, per second. Thus 1 N = 1 kg -m s-2. The SI unit of energy, the joule (symbol J), is derived from the newton and meter and is defined as the work done when the point of application of a 1-N force moves a distance of 1 m in the direction of the force. Hence 1 J = 1 N -m. Finally, the SI unit of power, the watt (W), is derived from the joule and the second, and is defined as the power which in one second gives rise to energy of one joule. Thus 1 W = 1 J * s-l . Manuscript received September 26, 1984 . The author is with the Electricity Division, National Bureau of Standards, Gaithersburg, MD 20899. The ampere is then defined as that constant current which, if maintained in two straight parallel conductors of infinite length, of negligible cross section, and placed one meter apart in vacuum, would produce between these conductors a force equal to 2 X 10-7 N/m of length. This definition implies via the Biot-Savart law that the magnetic permeability of vacuum pD is an exact constant given by g0o-47X10T7N/A2.
(2)
The SI units for potential difference (electromotive force) and electric resistance, the volt (V) and the ohm (Q2), respectively, are then derived from the watt (and thus the three base mechanical units) and from the base electrical unit, the ampere, as follows:
The volt is the difference of electric potential between two points of a conducting wire carrying a constant current of 1 A, when the power dissipated between these points is equal to 1 W. The ohm is the electric resistance between two points of a conductor when a constant potential difference of 1 V, applied to these points, produces in the conductor a current of 1 A, the conductor not being the seat of any electromotive force.
B. Laboratory or As-Maintained Electrical Units
Because the SI definitions of the volt (V), ohm (2), and ampere (A) While not yet in as wide a use as the Josephson effect, the quantum Hall effect (QHE) [4] (5) where, by analogy with (4) , (h/e2)LAB is the specific value of h/l2 adopted by the laboratory to define Q2LAB (In this case the question mark means that a specific value has yet to be adopted by any laboratory.) The combination of constants h/e2 has been termed the quantum Hall resistance RH. It is related to the inverse fine-structure constant a-' ( (9) A realization of the SI ampere measures neither 2e/h or RH but the product (2 e/h)RH [see (7) and (8) (14) is about 0.5 ppm and that from (15) about 0.7 ppm. These uncertainties are significantly less than the uncertainties of direct current balance determinations which are in the range 4-10 ppm. A number of conclusions may be drawn from the above. First, indirect realizations of the SI definitions of the volt and ampere based on fundamental constant experiments are at present significantly more accurate than direct volt or current balance realizations. For the ohm the two different approaches have comparable uncertainties. Second, the uncertainties associated with these indirect realizations are still rather larger than the uncertainties associated with the implementation of the definitions of VLAB and QLAB based on the Josephson and quantum Hall effects (perhaps a factor of 10 for the volt and a factor of 2 for the ohm). Thus it is still not yet possible to achieve the desirable goal of having the as-maintained system of electrical units consistent with the SI to the same level of accuracy with which the as-maintained system can be implemented. Third, it is clear that the fundamental physical constants have a critical role to play in the maintenance and realization of the electrical units and that it is a reciprocal relationship-the accurate 'determination of fundamental constants requires a reliable system of as-maintained units. Indeed, the critical role the electrical units play in the fundamental constants field is clearly evident in the 1983 least squares adjustment of the fundamental constants as discussed in the following section.
III. THE 1983 LEAST SQUARES ADJUSTMENT
The purpose of a least squares adjustment of the fundamental physical constants is to generate a self consistent set of "best values" of the constants for general use in science and technology based on all the data available at a given epoch. Comprehensive studies of the constants were pioneered in the late 1920's by R. T. Birge and continued by others including J. W. M. DuMond, E. R. Cohen, and Bearden and colleagues. The most recent adjustment was carried out by Cohen and Taylor in 1973 
The second group of data is termed the "auxiliary constants" and consists of quantities which are sufficiently accurate in comparison with the stochastic data that if included in the adjustment as stochastic data, their adjusted (or output) values and uncertainties would change negligibly compared with their input values and uncertainties. Thus the auxiliary constants are not subject to adjustment. Examples from the quantities already discussed include R., 4,'/ IB, MP, and mp/me.
The two main selection criteria for considering individual items for inclusion in the 1983 adjustment are (1) availability prior to December 31, 1983 due to publication deadlines and the time required for review and analysis; and (2) the requirement that the item make a nontrivial contribution to the adjustment. For example, if a direct measurement of a quantity contributes only a few percent to the determination of the adjusted value of the quantity, then it should be excluded because it is clearly not a competitive determination. (In a least squares adjustment wi = I /IS where wi is the weight of the ith stochastic input datum and si its one standard deviation uncertainty.)
B. The Data and Their Consistency
At the time of writing 12 different types of stochastic input data are being considered for inclusion in the 1983 adjustment with a total of 34 individual items. Some older measurements of comparatively large uncertainty are initially being included in the hope that they might clarify a number of discrepancies which exist among the more accurate data. These 34 items are summarized in Table I . The two values of a-' listed are oa-1 (ae) and a-'(4He) as obtained from the experimental determination of, and theoretical expression for, the anomalous magnetic moment of the electron and a certain fine-structure splitting in atomic helium, respectively. A detailed discussion of the consistency of these data is beyond the scope of this paper. However, a few highlights will be given in order to further indicate the many inter-relationships which exist among the constants and the critical role of the electrical units and electric-unit dependent quantities. First we comment on the consistency of like data, for example, the six values of 'y(low)BI83, and then on the consistency of unlike data as implied by various expressions involving different constants, such as (11) and (16) and others to be given below.
On the assumption that only a difference between two quantities two or more times their combined standard deviation uncertainty sc = [s2 + s2 1 1/2 is statistically significant, the main like-data inconsistencies are between the several values of 'y (both low and high) and the two values of d220(Si). For example, the most accurate value of 'y,(low)B183 differs from the two next most accurate values by 12sc and 7.6sc, respectively, and these two differ from each other by 2.4sc; the first and second most accurate values of y'(high)BI83 differ by 2.4sc; and the two values of d220(Si) differ by 7.7s, The unlike data may be compared in many different ways; the focus here will be on those which tend to clarify the inconsistencies between like data. We first note that the indirect value of y;,(high)BI83 obtained from FBI83 via (16) is in excellent agreement with the most accurate of the four direct measurements; the two differ by only 0.8sc. Thus the second most accurate value of -y4(high) is suspect (see previous paragraph).
Next we compare the two direct values of a-' listed in Table I, namely, o-' (ae) and a(-(4He), with 10 indirect values derived from the following expressions using the data of Table I :
where CMhfs is obtained from the theory of the muonium hyperfine splitting and the ratio CMhfs/VMhfs has an uncertainty of 0.14 ppm. To obtain the three quantum Hall resistance and six proton gyromagnetic ratio values of a`from (20) and (21) and a value with essentially the same uncertainty as at'(ae) (27) [see (14) and (26) Table I would then be as given in Table II. The least squares adjustment using all 34 data items of Table I has x2 of about 320 for 29 degrees of freedom. The gross disagreement of some of the data discussed is, of course, responsible for such a large (statistically improbable) x2.
In the last several years much work has been done on the problem of how best to handle inconsistent data in a least squares adjustment of the constants [7] . While [8] .
IV. FUTURE ELECTRICAL MEASUREMENTS RESEARCH
We conclude with a brief discussion of future electrical measurements research which can improve our knowledge of the fundamental physical constants.
Of highest priority would seem to be the direct measurement, Note Added in Proof. Since this paper was submitted for publication, it was decided to consider data available through early 1985 for possible inclusion in the new adjustment and to rename it the "1985 Least Squares Adjustment of the Fundamental Physical Constants." However, the paper's basic contents and conclusions are unaltered by this decision.
